Improved sperm selection techniques are needed to increase the efficiency of equineassisted reproduction. Single layer centrifugation (SLC) of spermatozoa has been shown to improve the quality of stallion sperm samples. In this study, the functionality of selected stallion spermatozoa was tested by intracytoplasmic sperm injection of equine oocytes after selection by SLC through Androcoll-E or by discontinuous density gradient centrifugation (DGC) through Redigrad and Tyrode's medium with added albumin, lactate, and pyruvate. The mean cleavage rates of the injected oocytes from SLC-and DGC-selected spermatozoa were 67% and 66%, respectively, whereas the proportion of blastocysts developing from cleaved oocytes was 28% and 22%, respectively (P > .05, not significant). An incidental finding was that there was a tendency for SLC-selected spermatozoa to have a higher percentage of spermatozoa with normal morphology than DGC (70% ± 22% vs. 58% ± 38%) and for more blastocysts to be obtained from subfertile ejaculates (21 [19.6%] vs. 15 [14.4%], respectively). In further experiments, stallion spermatozoa bound to hyaluronan, although binding may depend on the semen extender and sperm treatment as well as incubation time. In conclusion, SLC-selected stallion spermatozoa function normally when injected into oocytes. SLC may potentially be better than DGC at selecting spermatozoa from subfertile ejaculates, but this effect needs rigorous investigation with a much larger sample size. Use of the hyaluronanbinding assay for assessing the potential fertility of stallion spermatozoa may be useful but requires further evaluation.
Introduction
relatively successful, provided that a motile spermatozoon is selected for injection . However, when spermatozoa from stallions of low fertility were used, lower cleavage rates and lower development was achieved compared to three control stallions of proven fertility (Colleoni et al, 2009 ). In the light of these results a more efficient selection technique for the most fertile spermatozoa would be an interesting option to improve the efficiency of embryo production.
One possibility recently developed in human ART is the use of dishes coated with hyaluronon (synthetic hyaluronic acid) to facilitate selecting spermatozoa that are capable of fertilization for ICSI. Previous studies have shown that fertile human spermatozoa bind to glass slides coated with hyaluronic acid (Worrilow et al, 2003; Huszar et al, 2004; Roudebush et al, 2004) . A binding assay (HBA; Medicult, Denmark) is commercially available whereby the binding of intact spermatozoa to glass slides coated with recombinant hyaluronic acid (hyaluronan) is thought to be indicative of the potential fertility of a human semen sample in subsequent IVF. However, it is not known whether stallion spermatozoa have similar receptors that are capable of binding to hyaluronan, nor whether such binding could be indicative of fertility in AI, nor if equine spermatozoa express a surface-associated hyaluronidase involved in the sperm-oocyte interaction (Meyers, 2001) . Recently the same company has produced PICSI dishes -dishes coated with hyaluronan that allow immobilized spermatozoa to be selected for ICSI.
The objectives of the current study were three-fold: (i) to test the fertility of SLCselected spermatozoa by intracytoplasmic sperm injection (ICSI) and the subsequent development of the injected oocytes to the blastocyst stage; (ii) investigation of the use of the HBA for stallion spermatozoa and its link with potential fertility; and (iii) evaluation of the PICSI dishes as an aid to selecting stallion spermatozoa for ICSI. Since the laboratory where the ICSI was performed usually prepared spermatozoa using DGC, the ICSI trial also involved an indirect comparison of SLC and DGC, albeit with different colloid formulations.
Materials and Methods

Oocyte maturation
Equine cumulus-oocyte complexes (COCs) were recovered in the laboratory from ovaries collected at a local abbatoir by manually scraping and washing all follicles of 0.5-2.5 cm in diameter. Recovered oocytes were washed in TCM199 hepes-buffered medium, immediately transferred to DMEM-F12-based medium for maturation, and were cultured for 24 h at 38.5°C in a humidified atmosphere containing 5% CO 2 . After maturation, the cumulus cells were removed after a short incubation in hepesbuffered SOF (H-SOF) containing hyaluronidase ) by gentle mouth pipetting in H-SOF supplemented with 10% fetal bovine serum. Oocytes were returned to the maturation medium and those that showed first polar body extrusion were destined for ICSI.
Sperm preparation for ICSI
Straws of frozen semen from 3 stallions were available. One of these stallions (stallion X) was considered to be of normal fertility on the basis of field and in vitro results; his semen was used as a system control in all ICSI experiments performed in the laboratory. The other stallions (V and W) were classified as having poor fertility in AI based on field results. Straws were thawed by plunging them into water at room temperature (25°C) for 30 s.
In addition, one ejaculate of fresh semen extended 1:1 in INRA96 was available from a fourth stallion, stallion Y, also known to be of poor fertility.
Aliquots of thawed semen or the fresh ejaculate were prepared by SLC with Androcoll-E (SLU, Uppsala, Sweden) or by a density gradient consisting of layers of colloid prepared from Redigrad and TALP (45 and 90%), which was the usual method in the laboratory. SLC: up to 0.5 mL thawed semen were layered on top of 4 mL Androcoll™-E in a conical centrifuge tube and centrifuged at 300 g for 20 min (Thys et al, 2009 ). The resulting sperm pellet was washed in TALP (4 ml) by centrifuging at 500 g for 10 min. DGC: Redigrad and TALP were mixed to form a 90% colloid. An aliquot of the 90% colloid was mixed 1:1 (v/v) with TALP to form 45% colloid. The 45% colloid (2 mL) was layered on top of the 90% colloid (2 mL), and thawed semen (up to 0.5 ml) was pipetted on top. After centrifugation at 700 g for 40 min, the resulting sperm pellet was resuspended in 4 ml TALP and washed by centrifugation at 500 g for 10 min. Sperm pellets obtained with both methods were resuspended in SOF-IVF medium to a concentration of 4 million sperm/ml and subsequently diluted 1:1 in PVP 12% in PBS prior to ICSI.
ICSI
ICSI was performed using a piezo-drill to breach the ZP . For the injection only motile spermatozoa with apparently normal morphology were chosen, immobilized with two or three piezo-drills and injected into the cytoplasm. Following ICSI, the injected oocytes were cultured in drops of 20 μL under mineral oil in SOF medium supplemented with MEM amino acids and bSA . The medium was partially changed (50%) at day 4 and day 6 post ICSI. Blastocyst formation was evaluated from day 6 to day 9 after ICSI. The following data were recorded: number of oocytes injected, cleavage rate, number of blastocysts at day 7, total number of blastocysts, development of blastocysts from cleaved, injected oocytes, and development of blastocysts from injected oocytes.
Sperm preparation for HBA Semen was collected from 11 stallions at a commercial stud (Flyinge AB, Flyinge, Sweden). The ejaculates were immediately extended 1:1 with INRA96 (IMV, l´Aigle, France), processed for AI doses in the usual manner and sent off to other studs for AI. An aliquot (0.5 mL) was removed from the processed semen and stored overnight at 6°C. On the following day, these aliquots were further extended in phosphate buffered saline (PBS) to a concentration of approximately 2 x10 6 /mL and a 10 μL drop was applied to the hyaluronan-coated glass slide (HBA; Medicult, Denmark). After incubation at 22°C for 15 minutes, sperm motility on the slides was analysed using the Qualisperm™ Motility Analyser (Biophos, Switzerland), to assess the proportion of the sperm population that were bound to the hyaluronan, i.e. showing vigorous tail movements without any progressive motility.
PICSI dishes
Semen from the same stallions used for the SLC/DGC experiment was used for the evaluation of the PICSI dishes. An additional stallion of proven fertility was tested in some PICSI trials. Aliquots of the SLC-selected sperm suspensions were added to the PICSI dishes at 25°C according to the manufacturer´s instructions. After a minimum of 10 minutes incubation, individual spermatozoa that had bound to the hyaluronan coating were removed, transferred into a drop containing PVP 12% diluted 1:1 with SOF-IVF medium, examined for morphology, immobilized with two or three piezo-drills and injected into the oocytes.
Sperm Morphology
Briefly, aliquots of the frozen-thawed semen and of the SLC and DGC samples were fixed in formol-saline for the evaluation of 200 spermatozoa/preparation in wet smears (x1000) and to assess sperm head shape in 500 spermatozoa after staining with Williams´ stain (Lagerlöf, 1934) . For the DGC and SLC samples prepared from frozen-thawed semen for ICSI, there was occasionally insufficient material to enable 500 spermatozoa to be evaluated. The mean proportion of morphologically normal spermatozoa was estimated as the remaining proportion left after deducting the total abnormal spermatozoa. Spermatozoa with distal cytoplasmic droplets were included as normal. Data were also available from a previous comparison of SLC and DGC using stallion ejaculates (n=38). The morphological examinations were performed by skilled staff from the sperm laboratory at the Swedish University of Agricultural Sciences, which acts as a reference laboratory for Sweden.
Sperm chromatin structure assay
The method used was originally described by Evenson et al, (2002) with subsequent modification (Johannisson et al, 2009 ). Briefly, aliquots (100 μL) of the sperm samples were diluted 1:1 (v/v) in TNE buffer (Evenson & Jost, 2006) , snap-frozen in liquid nitrogen and stored at -80°C until required for staining with acridine orange and subsequent flow cytometric analysis. The parameters measured were the ratio of single stranded to double stranded DNA [DFI (DNA fragmentation index, %)], its standard deviation (SD_DFI) and the measure of single stranded DNA (mean_DFI).
Statistical analysis
Data analysis was performed using the statistical software package Statistical Analysis Systems software (SAS version 8, SAS Institute Inc, 1998; Cary, NC, USA). The distribution of variables from the statistical model was tested using the UNIVARIANCE procedure option NORMAL. Variation between stallions was analyzed using PROC GLM and Least Squares Means for each treatment, where the statistical model included the fixed effect of stallion. The differences between cleavage and blastocyst development in the PICSI trial were analyzed using Student´s t test. In all cases, significance was set at P< 0.05 level.
Results
Experiment 1: comparison of SLC with Androcoll™-E and DGC.
The ICSI results for the two methods of sperm separation for 4 stallions are shown in Table 1 . Since semen from stallion Y was available on only one occasion, the results from this stallion have not been included in the statistical analysis. For the 3 stallions, V, W and X, a total of 135 and 131 oocytes were available for ICSI with SLC and DGCselected spermatozoa respectively. The mean cleavage rates of the injected oocytes were 66.7% and 66.4% respectively, whilst the proportion of blastocysts developing from cleaved oocytes was 28% and 22% respectively, and from injected oocytes was 19% and 15% respectively. There was no statistical difference between the two centrifugation methods, or between stallions X, V and W, despite two stallions (V and W) being of known sub-fertility.
The morphology results of the sperm preparations used in the ICSI trial showed that the two methods were very similar in their ability to select spermatozoa with normal morphology (means 63±30% and 59±27% normal morphology for SLC and DGC respectively) but differed slightly in their ability to remove spermatozoa with morphological defects (Table 2 ). There were fewer spermatozoa with pathological heads (64.8 vs. 72%), midpiece defects (23.5% vs. 42.5%) or with nuclear vacuoles (3% vs. 11%) in the SLC samples than in the DGC samples. Figure 1 contains the SCSA results from SLC-and DGC-samples. Again, the SLC preparations showed a lower proportion of spermatozoa with damaged DNA than the DGC samples. However, whereas stallions W and X showed lower %DFI in the selected samples than in the uncentrifuged samples, stallion V had a much higher %DFI in the centrifuged preparations than in the uncentrifuged samples.
Experiment 2: evaluation of HBA slides used with stallion spermatozoa. Binding to hyaluronan occurred but varied largely between stallions (range 11-24%, median 14.5%) (Figure 2 ).
Experiment 3: evaluation of PICSI dishes for selecting stallion spermatozoa for ICSI.
Binding to HA drops was highly variable between stallions. Stallion V showed no binding and was excluded from the experiment. Stallion W showed a very low level of binding and often there were insufficient bound spermatozoa to inject all the oocytes allocated for the injection. Stallion X (used in the previous SLC/DGC experiment as a control) showed affinity for HA. However, the tail movement was vigorous and the sperm were not bound stably, making sperm pick-up very difficult. Only spermatozoa from the additional control stallion were bound correctly, although the rate of binding was variable between straws.
In spite of these differences, the outcome of the ICSI was similar for all the three stallions (Table 3) . When the bound spermatozoa were selected for ICSI, the cleavage rate was significantly less (p<0,05) than for the control (SLC only) spermatozoa (47% vs. 70%), although a significantly higher proportion of the cleaved embryos developed to blastocysts for the hyaluronan-bound spermatozoa than for the control spermatozoa (35% vs. 20%). Nevertheless the total number of blastocysts developing from the injected oocytes was not different between the two groups.
Discussion
The experiment was designed to test the functionality of SLC-selected spermatozoa by examining the cleavage and further development of equine oocytes injected with SLC-selected stallion spermatozoa. The results showed that SLC-selected spermatozoa are capable of triggering cleavage and development to the blastocyst stage after injection into homologous oocytes. Furthermore, there was a trend for higher cleavage rates and for more blastocysts to be produced for the SLC-selected spermatozoa than for DGC-selected spermatozoa from stallions that were suspected of being subfertile. This result is interesting and warrants further investigation with a larger sample size. Previous results from the same laboratory for both experimental groups of oocytes and commercial OPU-collected oocytes had not shown any difference between fertile and sub-fertile stallions in the developmental competence of ICSI-treated oocytes, provided that motile spermatozoa were selected for injection Colleoni et al, 2007) . However, more recently, when the analysis was widened to include sperm preparations from three infertile stallions used for ICSI of experimental oocytes collected from abbatoir ovaries, lower cleavage rates were found for two stallions and lower development was achieved for all three stallions compared to three different control stallions of proven fertility (Colleoni et al, 2009) .
No statistical difference was identified in the ability of the SLC and DGC to select morphologically normal spermatozoa in the ICSI study, although it should be noted that only one aliquot was tested for each stallion. However, there were approximately 20% fewer spermatozoa in the SLC samples than in the DGC samples (data not shown), perhaps indicating that the selection was more pronounced when using the SLC method. In a previous study using fresh sperm samples from fertile stallions, some differences were observed in the ability of the two methods to remove certain abnormalities, with a trend for SLC to be slightly better than DGC in removing the abnormal spermatozoa, for example those with bent tails or pear-shaped heads (P<0.001 for both defects) (Morrell et al, submitted) . However, the benefit of a greater selection ability of SLC over DGC when preparing spermatozoa for ICSI would be if more spermatozoa with nuclear vacuoles were removed by SLC than by DGC, since it is not possible to detect this serious defect in living spermatozoa by visual examination with the microscope when choosing the spermatozoa for injection. Other morphological abnormalities can be detected in living spermatozoa by a trained operator and hence these spermatozoa are avoided when choosing each spermatozoon for injection. The cleavage rates and development to blastocyst stage for DCG-prepared spermatozoa were consistent for the current experiment and for previous work using semen from stallions X and V.
For all of the stallions, SLC was slightly better than DGC at selecting spermatozoa with normal DNA. However, for one stallion (V), DFI was far higher in the centrifuged samples than in the uncentrifuged samples. This result was surprising and is in contrast to other results, both with fresh sperm samples (Morrell et al, 2009c) and with frozen sperm samples (Macias et al, 2009 ). The reason for this high DFI is unknown. For the infertile stallions, 50% more blastocysts resulted from the frozen-thawed SLC sperm preparations from the infertile stallions than from the DGC sperm preparations (21 and 15 respectively), suggesting that SLC may be the method of choice when dealing with ejaculates from such stallions. These results are interesting and warrant further investigation.
One explanation for the slightly better performance of SLC-selected spermatozoa in the further development of injected oocytes is that SLC may be better than DGC at selecting spermatozoa with normal, intact chromatin. It is not possible to detect chromatin damage visually in living spermatozoa, hence the chance of selecting a spermatozoon with damaged chromatin for ICSI is elevated if their presence in the sperm sample increases. It is known that fertilization by spermatozoa with damaged chromatin in IVF and ICSI leads to failure of subsequent development at some stage (Donnelly et al, 2000) . Although the oocyte has the capability to repair some DNA-damage, extensively damaged sperm DNA may overcome this mechanism, resulting in a low rate of embryonic development (Ahmadi and Ng, 1999) . It has been established that the DNA fragmentation index (DFI) value of an ejaculate is strongly linked to its potential fertility for several species (including the stallion), with thresholds of 0-15%, 16-29% and 30% relating to high, moderate and low fertility potential respectively (Evenson & Jost, 2000) . Furthermore, significant relationships between specific morphological abnormalities and DFI have been established, including nuclear vacuoles and midpiece defect (Morrell et al, 2008) . This aspect warrants investigation.
Although stored stallion spermatozoa did bind to the hyaluronan-coated slides, there was less binding than had been reported previously for human spermatozoa (28-89%) (Hong Yi et al, 2006) . It is not known whether the receptors on stallion spermatozoa act in the same way as those on human spermatozoa. Alternatively, the extender used for maintaining the stallion spermatozoa during storage may have inhibited binding to the hyaluronan, even though PBS was subsequently added to the samples to reduce the sperm concentration to 2 x10 6 /mL. It is intended to repeat the assay using semen extended only with PBS to see whether more binding to hyaluronan is achieved in this way. Moreover, it is claimed that with human spermatozoa, the binding to hyaluronan is predictive of success in IVF. However, AI of semen doses from the ejaculates used for the HBA in the study reported here gave a pregnancy rate of 88%; without any correlation between low binding and non-pregnancy or, conversely, high binding and pregnancy. This might indicate that other factors also play a role in fertility after AI in horses, or that this selection system requires further development regarding horse spermatozoa, in terms of binding capacity.
The low binding of frozen-thawed stallion spermatozoa in the PICSI dishes confirms the observations with fresh (non-frozen), stored stallion spermatozoa binding to HBA slides. It was surprising that the cleavage rate after ICSI should have been much lower with the PICSI-selected spermatozoa than with the SLC-only controls, and also that the development rate of the cleaved oocytes should have been so much higher. There is no obvious explanation for these observations at present. However, in a previous study where boar spermatozoa that bound to hyaluronic acid drops were used for ICSI (ICSI-HABS), significantly lower rates of chromosomal abnormality were seen in the ICSI-HABS embryos than from control ICSI, despite the blastocysts rates being the same (Park et al, 2005) . The authors concluded that ICSI-HABS was a superior method than ICSI for the production of porcine embryos with normal chromosomal complement (Park et al, 2005) . The chromosomal composition of the embryos produced in the current study was not examined, although it can be speculated that the higher blastocyst development rate shown for the PICSI-group suggests that similar factors were involved here as for the porcine study.
It was interesting to note that the cleavage rate and development to blastocyst stage for SLC-selected spermatozoa was the same in both the first experiment and the PICSI experiment, indicating the repeatability of the results when using the SLC technique
In conclusion, stallion spermatozoa subjected to SLC-selection on Androcoll-E are able to "fertilize" oocytes in ICSI, and the injected oocytes are capable of development to the blastocyst stage. SLC with Androcoll™-E may have an advantage over DGC in selecting normal spermatozoa from ejaculates from sub-fertile stallions. Use of the HBA and PICSI dishes for stallion spermatozoa requires further investigation to establish the usefulness of these techniques for equine biotechnologies. Note: UN = uncentrifuged, SLC = Single layer centrifugation; DGC = density gradient centrifugation. Since the sperm concentration was very low in the SLC and DGC samples from the infertile stallions (V and W), the smears contained very few spermatozoa and the morphological evaluation was done on only 100 spermatozoa instead of 200 or 500. Therefore, the count for these samples may be inaccurate compared to the uncentrifuged samples from the same stallion. 
